Given the importance of Thymus glabrescens as a useful antibacterial remedy, we have evaluated the antibacterial and streptomycin-modifying activity of Thymus glabrescens essential oil, geraniol, geranyl acetate and thymol. It was shown that all substance-streptomycin combinations produced predominantly antagonistic interactions. Furthermore, combinations between geraniol and thymol showed dominant additive effect. Chemoinformatics results, combined with experimental data, suggest that antagonistic interactions with streptomycin were not a consequence of the antimicrobial action at the same target, but an outcome of the membrane impairment, followed by the membrane potential/proton motive force dissipation, which decreased the streptomycin uptake. Furthermore, the membrane toxicity of geraniol and thymol was confirmed by their additive antibacterial interactions and parameters of their penetration and accumulation throughout a cell membrane. This study should greatly help in an intelligent and a controlled pharmacomodulation of antibiotics.
Over the past two decades, bacterial antibiotic resistance has grown into a major threat to public health, restoring infectious diseases to the list of leading causes of death worldwide [1] . As a reaction to this health crisis, several efforts currently are underway to discover and develop new natural and synthetic antibiotic compounds [2] . To increase the efficacy of antibiotics, it is necessary to find methods which will improve antibiotic diffusion across the bacterial membrane and/or will hinder the bacteria efflux pumps [3] . The association of essential oils with antibiotics is one of the novel ways to combat bacterial resistance [4] . Essential oils are combined with antibiotics in order to improve the antimicrobial effect and to reduce the required antibiotic concentration [5] . However, interactions between essential oils and antibiotics may also lead to antagonistic effects [6, 7] . Little is currently known about what governs antagonism among essential oil constituents and antibiotics [4] . The lack of detailed knowledge about the mode of action of the individual essential oil constituents is one of the underlying causes for our superficial understanding of what governs synergy and antagonism. It has recently been shown, that chemoinformatic methods combined with relevant biological and chemical information, are able to predict/explain the antimicrobial behavior of essential oil components [7, 8] . When the mechanistic details for antagonism are better understood, it will be easier to exploit synergies using intelligent essential oil-antibiotic combinations to combat resistant microorganisms.
One of the most well-established properties of the essential oils and extracts obtained from genus Thymus plants is represented by its antibacterial activity [9] . Given the importance of Thymus glabrescens as a useful antibacterial remedy, the aim of the present study was to evaluate the antibacterial and streptomycin-modifying activity of T. glabrescens essential oil, geraniol, geranyl acetate and thymol. Furthermore, combined antibacterial effect between geraniol and thymol was also determined. In order to explain the antibacterial mechanistic details of selected combinations, chemoinformatic methods were employed.
Chemical analysis and composition of T. glabrescens essential oil is in detail presented in our previous work [10] . The main components of T. glabrescens essential oil (Table 1) , were geraniol (22.3%), geranyl acetate (19.4%) and thymol (13.8%). The results of partition, penetration and accumulation of compounds in the bacterial cell membrane are given in Table 1 .
The results from the antibacterial assay showed that T. glabrescens essential oil, geraniol and thymol possessed antimicrobial activities against all tested microorganisms (Table 2 ). Furthermore, it was shown that all examined bacteria are naturally resistant to geranyl acetate. The reference antibiotic was active in the range of concentration 4.0 to 64.0 g/mL.
The results of the possible interactions among the essential oil, geraniol and thymol with the reference antibiotic are given in Table 3 . Of the 36 combinations, T. glabrescens essential oil-streptomycin, 9 (25.0%) showed synergism, 4 (11.1%) had an additive and 23 (63.9%) had an antagonistic effect. From all tested geraniol-streptomycin combinations, 5 (13.9%) showed synergism, 2 (5.5%) had an additive, and 29 (80.6%) had the antagonistic effect. Of the examined combinations of thymol with the streptomycin, synergy was best noted for 10 (27.8%) ratios, an NPC Natural Product Communications 2017 Vol. 12 No. 10 1655 -1658 AIL=Arithmetic index-literature and library data; b) AIE=Arithmetic index experimentally determined on HP-5MS column; c) ω=Mass percent; d) MW=Molar weight; e) ΔC=Concentration gradient; f) P RRCK =Membrane permeability; g) J=Membrane molar flux; h) log S=log solubility in water; i) log P O/W =Partition coefficient octanol/water; j) log P M/B =Partition coefficient membrane/buffer calculated according to Sikkema et al. [11] ; k) MMC=Maximum membrane concentration calculated according to de Bont [12] ; l) CASA -=Charge weighted negative surface; m) vsurf_A=Amphiphilic moment. additive effect was recorded for 7 (19.4%) ratios, and 19 combinations (52.8%) exhibited the antagonistic effect. The combination profiles between geraniol and thymol are also presented in Table 3 . Out of the 36 combinations of geraniol-thymol, 8 (22.2%) showed synergism, 24 (66.7%) had an additive and 4 (11.1%) had the antagonistic effect. Molecular docking data concerning interactions between the researched antibacterials and appropriate target receptors are presented in Table 4 .
The pharmacokinetics and pharmacodynamics of streptomycin have been reviewed recently [13] . Bacterial sensitivity to streptomycin involves multi-step active transport of antibiotic across the cell membrane and its cytoplasm accumulation. Streptomycin is known to bind to a high-affinity binding site in the 30S ribosomal subunit (Table 4 ), causing the inhibition of bacterial protein synthesis. The first concentration-dependent step in the active transport of streptomycin requires binding of its cationic structures to anionic components in the cell membrane. The subsequent steps are energydependent and involve the transport of the polar, highly positive charged structure across the cytoplasmic membrane, followed by interaction with the ribosomes [13] . The driving force for this energy-dependent transfer of streptomycin is the membrane potential and proton gradient, regulated by the membrane channels and components of the electron transport system (Table 4 ) [14] . Bacterial resistance to aminoglycosides is widely recognized as a serious health threat [3] . It is clear that streptomycin resistance occurs by different mechanisms such as prevention of drug entry, active extrusion of drug, alteration of the drug target (mutational modification of 16S rRNA), and enzymatic inactivation of streptomycin.
A large amount of data is available on the mode of antibacterial action of essential oils and their components. The most frequently reported mechanisms are disruption of bacterial membranes, damage of membrane proteins (e.g. enzymes), cell content leakage, depletion of the proton motive force and coagulation of the cytoplasm [15] . The recent study revealed deeper insights into the antimicrobial mechanisms of geraniol [16] . The membrane tampering effect of geraniol was visualized through transmission electron micrographs, depleted ergosterol levels and altered ATP synthase activity. The antibacterial effect of thymol was attributed to its ability to permeabilize and depolarize a cell membrane [17] . Thymol inserts into a membrane, changes the membrane physical and chemical properties and affects both lipid ordering and stability of bilayer, resulting in an increase of proton passive flux across the membrane. Mechanism of action of thymol on cell membranes was recently investigated by the lipid monolayers and molecular dynamics simulation [18] . It was shown that thymol expands lipid monolayers, decreases their surface elasticity, and changes the morphology of the lipid monolayer, which is further evidence of its influence on the membrane potential and proton gradient. Furthermore, it was shown that high concentration of organic molecules in the cell membrane could produce a passive flux of ions, leading to dissipation of the proton gradient, membrane potential and proton motive force [11] .
The mechanisms of membrane toxicity of hydrocarbons have been well-documented [19] . The antibacterial activity of geraniol and thymol most likely results from their permeability and hydrophobic interactions with the membrane, which affects the functioning of the membrane and membrane-embedded proteins [16] [17] [18] [19] . In order to understand more fully the interactions between a bacterial membrane and tested compounds, we have calculated membrane permeability, molar flux, negative charged surface area and amphiphilic moment of T. glabrescens main components ( Table 1) . The results displayed in Table 1 , showed that all T. glabrescens main compounds had similar and high membrane permeability [20] . In addition, the highest membrane molar flux was shown for geraniol, geranyl acetate and thymol, while the most negative molecular charged surface and largest amphiphilic moment were found in geranyl acetate (Table 1 ). Having in mind that bacterial membranes are negatively charged due to amphiphilic lipopolysaccharides or teichoic acids [21] , we could hypothesize that repulsive electrostatic interactions among geranyl acetate and membrane surface molecules, are solely responsible for bacterial resistance to geranyl acetate ( Table 2 ). The molecular docking results showed, that the binding affinities of geraniol, geranyl acetate and thymol to membrane potential-engaged receptors were lower in comparison to reference receptor inhibitors (Table 4 ). Furthermore, it was demonstrated that the additive interactions were dominant in the examined antibacterial geraniol-thymol combinations ( Table 3 ). The above chemoinformatic results, combined with the additive interactions, strongly suggest that bacterial membrane is the primary target for antibacterial action of geraniol and thymol. According to published literature [11, [16] [17] [18] [19] , these substances could change the bacterial membrane morphology, which usually results in membrane potential and proton gradient dissipation.
Furthermore, we investigated the combining effects of T. glabrescens oil and its main components with streptomycin, in order to clarify antagonistic behavior in some antibiotic-essential oil or antibiotic-substance combinations [12] . According to previously reported membrane concentration of streptomycin (4.0×10 -3 mM) [7] , it is shown that all T. glabrescens main components have much higher membrane concentrations compared to streptomycin (Table 1 ). It was shown that the geraniol membrane concentration was a minimum of 3.9×10 3 times greater than the concentration of Thymus glabrescens essential oil Natural Product Communications Vol. 12 (10) 2017 1657 streptomycin. Moreover, it was determined that the membrane concentration of thymol was a minimum of 31.7 times higher than the concentration of geraniol (Table 1 ). Furthermore, the molecular docking showed that the binding affinities of geraniol and thymol to ribosome 16S rRNA binding site were much lower compared to streptomycin (Table 4 ). These computational results, combined with experimental data (Table 3) , suggest that antagonistic interactions with streptomycin were not a consequence of the antimicrobial action at the same target [15] , but an outcome of the membrane impairment, followed by the membrane potential/proton motive force dissipation [11] , which decreased the streptomycin uptake [13] .
Finally, given the importance of T. glabrescens as a useful antibacterial remedy, we have evaluated the antibacterial and streptomycin-modifying activity of T. glabrescens essential oil, geraniol, geranyl acetate and thymol. It was shown that all substance-streptomycin combinations produced predominantly antagonistic interactions. Furthermore, combinations between geraniol and thymol showed dominant additive effect. Chemoinformatics results, combined with experimental data, suggest that antagonistic interactions with streptomycin were not a consequence of the antimicrobial action at the same target, but an outcome of the membrane impairment, followed by the membrane potential/proton motive force dissipation, which decreased the streptomycin uptake. Furthermore, the membrane toxicity of geraniol and thymol was confirmed by their additive antibacterial interactions and parameters of their penetration and accumulation throughout a cell membrane.
Experimental

Plant material and chemicals:
The aerial parts of Thymus glabrescens were collected in June 2011 from natural populations at the Kravlje village, Southeast Serbia. A voucher specimen, with the accession number 16642, is deposited at the Herbarium of the Department of Botany, Faculty of Biology, University of Belgrade-Herbarium Code BEOU. All chemicals, reagents and standards were of analytical reagent grade and were purchased from the Sigma-Aldrich Chemical Company.
Isolation of oil, gas chromatography, gas chromatography/mass spectrometry and identification of compounds:
The isolation of T. glabrescens oil, GC, GC-MS analysis and identification of compounds are in detail presented in our previous work [10] .
Antibacterial testing:
The activity of T. glabrescens oil, geraniol, geranyl acetate, thymol and streptomycin was tested on 4 different bacteria: Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 700603, Pseudomonas aeruginosa ATCC 27853 and Staphylococcus aureus ATCC 29213 using the micro-well dilution assay and microdilution checkerboard assay as previously described [5] . Ilić et al.
The computational RRCK permeability method has been described in detail previously [24] . Briefly, model utilizes the free energy cost of compound partitioning into the barrier domain (ΔG transfer ) as the dominant contributor to the membrane permeation. Based on T. glabrescens oil density (0.804 g/ml) and the MOE molecular descriptors (MW, log S, log P O/W ), the membrane molar flux and the maximum membrane concentration of the studied compounds were calculated according to de Bont [12] . Moreover, the MOE descriptors (CASA-and vsurf_A) have been calculated in order to give insights into the amphiphilic moment and charged surface of T. glabrescens oil main components.
The molecular docking study was performed using MOE 2014.0901 to understand the ligand protein interactions in detail. The X-ray crystallographic structures of selected receptors with inhibitors were obtained from the Protein Data Bank (http://www.rcsb.org/). The errors of the proteins were corrected by the Structure Preparation process in MOE. After the correction, hydrogens were added and partial charges (Gasteiger methodology) were calculated. Energy minimization (MMFF94x, gradient: 0.100) was performed. The default Triangle Matcher placement method was used for rigid docking. GBVI/WSA dG scoring function which estimates the free energy of binding of the ligand from a given pose was used to rank the final poses. Each ligand protein complex with lowest S score was selected. A more negative score indicates that inhibitor or T. glabrescens compound (ligand) is more likely to dock with the structure (receptor) and achieve more favorable interactions. To validate the accuracy of MOE program, the co-crystallized ligand of selected receptor was extracted and then re-docked into the binding pocket of receptor protein.
In each case, one of the top five docking poses of the docked inhibitor were within 2.0 Å root mean square deviation (RMSD) of the ligand crystal structure, showing that our docking protocol can be used for further study [25] .
